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ABSTRACT 
Alkali Silica Reaction (ASR) is a deleterious, expansive reaction in concrete. Several ASTM 
methods test potential aggregates for ASR risk. One method uses NaOH digestion, followed by 
spectroscopic methods, to estimate the amount of reactive silica present in an aggregate. NaOH, 
however, can digest both crystalline (i.e. quartz) and non-crystalline (e.g. opal), or poorly 
crystalline silica, potentially yielding falsely high estimates of reactive silica. Studies in soil and 
plant sciences have used Tiron, an alkaline chelating agent (C6H4S2O8Na2), as a method of 
digesting opaline silica for spectroscopic analysis.  Here we test this approach by analyzing 
reactive silica in road aggregate. Tiron extraction of reactive silica is more selective, in some 
cases extracting only ~ 30% of the silica compared to the harsher NaOH extraction: variation is 
due to differences in aggregate mineralogy, specifically SiO2.  In conducting chelation analyses, 
UV/VIS seems to be a better approach than AA. 
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1 Introduction 
 The research in this thesis grew out of a project to provide a geochemical database of 
aggregates for the Georgia Department of Transportation (GDOT).  The finished database will 
assist GDOT with geochemical knowledge of aggregates that are used for the production of 
concrete for roads, buildings, bridges, and other structures.  The data obtained for GDOT is 
included in Section 7.  Additional experiments that are the focus of this thesis, were directed at 
addressing the current chemical testing method used to identify an aggregate’s Alkali-silica 
reactivity (ASR) potential; ASR is a deleterious, expansive reaction that can compromise the 
integrity of a road or structure with its occurrence and is explained in further detail in section 1.2.  
An illustrated flow chart of the research conducted on a select set of samples is shown in Figure 
1.1.    This was done because a few aggregate samples obtained from GDOT are known as either 
ASR-prone (JC samples) or ASR-resistant (X samples).  According to a representative at GDOT 
the JC samples were taken from a location that has failed ASR tests, whereas the X samples have 
not failed any ASR tests to date.    This study suggests an altered American Society for Testing 
and Materials (ASTM) testing method that uses a chelating agent in place of NaOH.  NaOH is 
currently used in ASTM C-289, the current chemical ASTM test method for testing an 
aggregates ASR potential by identifying SiO2 concentrations in aggregates for ASR studies.   
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Figure 1.1 Research Design for Experiments. A continuous set of samples were analyzed by 
XRF, followed by AA and UV/VIS analysis using 2 separate solutions. 
 
1.1 Concrete 
When a construction project takes place in the United States and many other countries, 
concrete will most likely be incorporated into the building plans.  Cement is a key ingredient that 
is used in the production of concrete and is addressed below in describing the main ingredients.  
Due to the nature of the experiments conducted, concrete use is emphasized on road 
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construction; however, concrete has a vast array of applications and is essential for the entire 
construction industry.  In 2008, the United States consumed 93.6 million metric tons of Portland 
cement, a number that fluctuates annually based on economic factors and global industry 
(1)
. 
Portland cement is considered the fundamental ingredient in concrete and consists primarily of 
calcium, silicon, aluminum, and iron, also referred to as a calcium silicate cement 
(1)
.  The 
process of creating Portland cement is very specific and requires chemical compositions 
according to described standards put in place by the American Society for Testing and Materials 
(ASTM) 
(2)
.  Concrete, however, is a mixture of Portland cement, water, and fine and coarse-
grained aggregates.  The addition of water to Portland cement creates a paste that undergoes 
hydration.  Unlike hydration by chemical weathering, which typically weakens rock, the addition 
of water (hydration) in terms of a chemical reaction, creates a stronger paste in the concrete 
making process.    During hydration, metal ions are surrounded by polar water molecules 
creating a primary and secondary hydration sphere of water molecules 
(3)
.  As the spheres grow 
and react with additional spheres, the paste will begin to strengthen and eventually harden.  
Standard practices for sampling aggregates to determine acceptability for use in concrete are 
covered under ASTM standards 
(4)
. Careful considerations and testing methods are followed in 
determining which aggregates are adequate for use in manufacturing concrete for road 
construction; therefore, because the presence of  alkalies (K2O, Na2O) are required for ASR 
(Section 1.2) to occur, studies suggest it is necessary to control the overall alkali content of all 
ingredients added to a concrete mixture 
(2, 5,6)
.  Additional research into total alkali content has 
contributed to the idea that there is no specific limit to alkali contribution to ASR, and instead 
points out the importance of ratios such as, alkali: cement, alkali: reactive components of the 
aggregate, and reactive component of the aggregate: total aggregate
 (9)
.  The reactive components 
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of the aggregate are the amorphous or poorly-crystalline silica.  The amount present depends on 
the type of material used, which is why experiments were conducted for SiO2 concentrations. 
1.2 Alkili-Silica Reactivity 
Alkali-silica reactivity (ASR) creates premature deterioration of concrete 
(6)
.  The reaction 
occurs worldwide and continues to cost money and time on concrete repairs.  It was first 
identified in 1940 by T.E. Stanton 
(8)
.  The ASR reaction is shown in equations 1 and 2
(6)
. 
Si-OH + OH
-
 → Si-O-  + H2O       (1) 
Si-O-Si + 2OH
-
 → 2 (Si-O-) + H2O      (2) 
The reactions in equations 1 and 2 are between the OH
-
 ions and siliceous components of the 
aggregates used
(6)
.  For this reason as well as prior research mentioned in Section 1.1, the 
experiments conducted were focused on adequate testing for silica concentrations.  The silica 
which is prone to ASR is either poorly or non-crystalline (amorphorus) silica.  The reason for 
this is directly related to solubility differences between crystalline and amorphous silica.  As pH 
increases, the rate of dissolution of silica increases exponentially 
(6,10)
.  In crystalline silica, only 
surface reactions would occur and have a slow reaction rate at best.  The continued breakdown of 
silica (ASR) creates a silica gel, which induces internal stress within the concrete to produce 
micro and macrocraks, ultimately creating a weakened structure 
(11)
.   
 
1.3 Overview of All ASR Assessment Methods 
In an effort to address ASR in concrete, many ASTM standards were created 
(12-18, 6)
.  The 
two recommended tests are ASTM C 1260 (also known as the Mortar Bar Method) and ASTM C 
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1293, which measures length change due to ASR. Often they are used together in testing an 
aggregate with ASTM C 1293 being the final say if an aggregate fails the test.  ASTM C 1260 is 
a shorter test and is ideal when results are required quickly.  Both would be considered physical 
testing methods.   ASTM C 289, however, is a chemical test method explained in detail in 
Section 1.4.1.  According to the Portland Cement Association, a field performance history is the 
best method for determining if an aggregate is prone to ASR and evaluation of aggregates should 
be done in accordance to ASTM C 33 
(19)
.  This standard addresses alkali content limits as well 
as mitigation additives to control ASR. The addition of a pozzolan or lithium compound seeks to 
limit the alkali content of concrete mixtures to decrease ASR susceptibility. A summary is listed 
in Table 1.1. 
 
Table 1.1 ASTM test methods for ASR potential. (Table from U.S. Department of 
Transportation)
(6)
 
Test Method Comments 
ASTM C 227: Standard 
Test Method for Potential 
Alkali Reactivity of 
Cement-Aggregate 
Combinations (Mortar 
Bar Method) 
 Mortar bar test (aggregate/cement = 2.25), intended to study 
cement-aggregate combinations. 
 Specimens stored in high-humidity containers at 38 °C. 
 Several reported problems with test, including excessive 
leaching of alkalies from specimens. 
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Test Method Comments 
ASTM C 289: Standard 
Test Method for Potential 
Alkali-Silica Reactivity 
of Aggregates (Chemical 
Method) 
 Aggregate test in which crushed aggregate is immersed in 1M 
NaOH solution for 24 hours-solution is then analyzed for 
amount of dissolved silica and alkalinity. 
 Poor reliability.  
 Problems with test include:  
o Other phases present in aggregate may affect 
dissolution of silica (Bérubé and Fournier, 1992). 
o Test is overly severe, leading aggregates with good 
field performance to fail the test. 
o Some reactive phases may be lost during pretest 
processing.  
ASTM C 295: Standard 
Guide for Petrographic 
Examination of 
Aggregates for Concrete 
 Useful evaluation to identify many (but not all) potentially 
reactive components in aggregates.  
 Reliability of examination depends on experience and skill of 
individual petrographer. 
 Results should not be used exclusively to accept or reject 
aggregate source-findings best used in conjunction with other 
laboratory tests (e.g., ASTM C 1260 and/or ASTM C 1293).  
ASTM C 856: Practice 
for Petrographic Analysis 
of Hardened Concrete 
 Useful for analyzing concrete (from laboratory or field) and 
for identifying presence of reactive aggregates or reaction 
products. 
 Reliability of examination depends on experience and skill of 
individual petrographer. 
 Essential for relating aggregate reactivity to field 
performance. 
ASTM C441: Standard 
Test Method for 
Effectiveness of Mineral 
Admixtures or Ground 
Blast Furnace Slag in 
Preventing Excessive 
Expansion of Concrete 
Due to the Alkali-Silica 
Reaction 
 Mortar bar test, intended to assess effectiveness of SCMs in 
reducing ASR expansion.  
 Test uses high-alkali cement and PyrexTM glass. 
 Test not very reliable because of the use of Pyrex glass, which 
is sensitive to test conditions and contains alkalies that may be 
released during the test. Test does not correlate well with data 
from concrete mixtures containing natural aggregates (Bérubé 
and Duchesne, 1992).  
ASTM C 1260: Standard 
Test Method for Potential 
Alkali Reactivity of 
Aggregates (Mortar Bar 
Method)  
 Mortar bar test, originally designed to assess aggregate 
reactivity.  
 Bars are soaked in 1N NaOH solution for 14 days. 
 Accelerated test suitable as screening test, but because of 
severity of test, it should not be used, by itself, to reject a 
given aggregate. If aggregate is tested using both ASTM C 
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Test Method Comments 
 Recommended 
Test 
1260 and ASTM C 1293, the results of ASTM C 1293 should 
govern. 
 Test has shown promise in testing SCMs and lithium 
compounds, but the soak solution must be modified when 
testing lithium compounds (as discussed in chapter 3). 
ASTM C 1293: Standard 
Test Method for Concrete 
Aggregates by 
Determination of Length 
Change of Concrete Due 
to Alkali-Silica Reaction  
 Recommended 
Test 
 Concrete prism test, generally regarded as best indicator of 
field performance, is conducted at high humidity (close to 
100%) at 38 °C.  
 Uses high-alkali cement (raised to 1.25% Na20e), with a 
cement content of 420 kg/m
3
. 
 Originally intended as aggregate test (using nonreactive fine 
aggregate to test reactivity of coarse aggregate, and vice-
versa); test requires 1 year for completion.  
 Also can be used to test effectiveness of SCMs and lithium 
compounds, but then test typically is run for 2 years. 
 Widely accepted test method, but long duration of test is 
major drawback. 
 
 
1.4 Extraction Methods to Assess Presence of Reactive Silica 
1.4.1 ASTM Methods (NaOH Extraction) 
 ASTM C289 covers chemical determination of the potential reactivity of an aggregate 
using NaOH 
(13).  The testing method itself states that “The results from this test method can be 
obtained quickly, and, while not completely reliable in all cases, they can provide useful data,” 
and “Do not use the results of tests by this test method as the sole basis for acceptance or 
rejection for sources with regard to ASR
(13).”  For this reason it has been criticized for being too 
harsh and unreliable 
(6)
.  Instead, the test method is commonly used as a quality control tool 
instead of a method that can stand alone and yield definitive results. 
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1.4.2 Chelation (Tiron) 
 The use of Tiron, a chelating agent, was demonstrated in soil science studies as an 
effective method to distinguish between crystalline and amorphous silica 
(20)
.  The word 
“chelate” is from the Greek word chela, meaning claw of the lobster (25).  A chelating agent 
produces a complex compound that can coordinate to a single metal ion creating multidentate 
ligands, conceptually in a claw-like manner 
(21)
.   The chelate effect is created when a more 
stable metal complex is formed by a chelating ligand, such as Tiron.  Chelating agents are 
common ingredients in cleaning agents and food additives.  The use of EDTA, for example, is 
important in preventing metal-catalyzed oxidation of food 
(25)
.  The use of Tiron is more selective 
in silica extraction from the solid phase; therefore, it can provide data on the presence of reactive 
silica regardless of how much crystalline (i.e. non-reactive) silica is present.  This ability to  
sequester metal ions in solution lessens interference during silica extractions.  The formula for 
silica in the solid phase is SiO2, and in the liquid phase Si(OH)4.  With the addition of Tiron, one 
possible surface complex is 
   Tiron-Si(OH)
+n
4-n 
Additional studies of  Tiron interaction with silica is necessary to confirm the surface complex.  
The benefit of using Tiron is potientally great if it does in fact have the ability to distinguish 
between crystalline and amorphous silica. 
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1.5 Methods of Analyzing Si Content 
Once silica is extracted from the solid phase, it must be analyized for silica content.  
Additionally, initial silica content of the rock powder was determined.  Three separate methods 
were used.  All of the techniques utilize spectrophotometry, which is any technique that 
measures chemical concentrations through light
(25)
.  The differences depend on the instrument 
and the portion of the electromagnetic spectrum that is being targeted.   
 
1.5.1 Whole-Rock X-Ray Fluorescence 
Wavelength-dispersive (WD) X-Ray Fluoresence (XRF) seperates the wavelengths of the 
incident radiation in order to measure the intensity of radiation at specific wavelengths
(7)
.  X-rays 
of specific wavelengths are passed on to the detector  utilizing the Bragg diffraction equation:
(7)
 
n λ = 2d sin θ        (3) 
where d is distance, θ is the diffraction of the incident angle, and n is a number expressing the 
diffraction order.  For each sample, the x-ray intensities of each element of interest are "counted" 
in a detector at a specific beam current.  The count rates are then compared to those of standards 
containing known values of the elements of interest
 (28)
.   Figure 1.2 illustrates the WD XRF 
method.   
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Figure 1.2   Configuration of sample, analytical crystal and detector within the WD 
spectrometer 
(28)
.  In the Rigaku 3270, a rhodium tube is used to produce characteristic 
radiation that strikes the sample.                                                                                                                                                                                                                                                                                                                                             
1.5.2 Atomic Absorption Spectroscopy of Extract  
 Atomic absorption instruments atomize (vaporize) a sample and measure the amount of 
absorbed light by the addition of light energy, which energizes the ground state of the atom into 
its excited state.  Each element has a specific absorption spectrum that corresponds to specific 
levels of energy separation within atoms. AA is based on a linear relationship between 
concentration of the atoms and  light absorbed, known as Beer’s Law (3).  For silica, a graphite 
furnace was necessary to test the samples due to the temperature at which silica is atomized.  
Once the sample is placed into the graphite tube, atomization occurs and the absorption energy 
specific to the target wavelength is detected.  
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1.5.3 UV/VIS of Extract 
 Ultraviolet-visible spectroscopy (UV/VIS) is based on the interaction of electromagnetic 
radiation with matter.  The ultraviolet region of the electromagnetic spectrum ranges from 400 
nm to 40 nm, 200-400 nm being the most effective in producing energy-level changes 
(22)
.  There 
are known amounts of energy required to produce energy changes depending on the molecule.  
For silica, a specific wavelengh of 815.0 nm  was used to identify concentrations within samples 
following standardization of the instrument with a series of prepared silica solutions of known 
concentrations.  The liquid sample was then placed inside a cuvet for analysis.   
1.6 Research Objectives 
 The goal of this research is to determine if Tiron, a chelating agent, is a gentler 
alternative to NaOH for silica extraction when conducting chemical testing on aggregates, based 
on a previous study using Tiron extractions on soil 
(20)
.  An additional purpose is to assess the use 
of atomic absorption spectrophotometry versus UV/VIS Spectrophotometry in ASR studies.  The 
benefit to having an accurate method of quantifying reactive silica could potentially save time 
and NaOH hazards.  The experiments do not seek to solve or answer the mechanisms which 
contribute to ASR, but rather demonstrate a possible alternative to ASTM C 289.   
2 Experimental 
2.1 Extraction Methods 
Two solutions, Tiron and NaOH, were used in the extraction experiments.  A 1.000 ± 
0.001 N NaOH solution is currently used in ASTM C289-07 
(13)
; therefore, a modified version 
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was created to compare the extraction capability with that of Tiron.  Figure 1.1 illustrates the 
research approach explained in detail in this section. 
2.1.1 Tiron 
 The Tiron solution was prepared as described in Kodoma and Ross 
(20)
 by dissolving 
31.42 g of Tiron® Acros Organics (Fisher Scientific, Fair Lawn, NJ) in approximately 800 mL 
of deionized water in a 1L polypropylene flask.  A pH meter, Accumet Portable AP125 
pH/ORP/Ion meter (Fisher Scientific, Fair Lawn, NJ) was calibrated and standardized using pH 
4.00, pH 7.00, and pH 10.00 ± 0.01 at 25˚ C, standard buffer solutions (Oakton, Vernon Hills, 
IL).  The pH of the solution measured 4.57.  A solution of Na2CO3 was prepared with deionized 
water by dissolving 5.3 g Na2CO3 (Mallinckrodt AR analytical reagent, LabGuard) in a plastic 
beaker to a final volume of 100 mL.  The Na2CO3 solution was added to the Tiron solution while 
stirring.  The pH increased to 7.56.  A 2M NaOH solution (Fisher Scientific, Fair Lawn, NJ) was 
added until the pH increased to 10.5.  Deionized water was added, and the final volume of 1L 
was labeled and stored in a polypropylene container and placed in a refrigerator between uses.    
2.1.2 NaOH  
 A 1M NaOH stock solution (Fisher Scientific, Fair Lawn, NJ) was used for UV/VIS 
experiments.  A 2M NaOH solution was diluted to 0.5 M NaOH by the addition of deionized 
water, calculated by equation 4 (Section 2.2.1) and used for AA experiment preparation for 
samples in NaOH as described in Section 2.2.2.   
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2.2 Extract Analysis 
2.2.1 Silicon Standard Solutions 
 Silicon standard solutions were prepared for use in calibrating the AA for analysis of the 
samples.  Standard solutions were calculated using equation 4, where Mi is the molarity for the 
initial solution, Vi is the volume of the initial solution, Mf is the final molarity, and Vf  is the final 
volume.   
  MiVi = MfVf (4) 
          The dilutions were prepared using Silicon Reference Solution 1000ppm ± 1% (Fisher 
Scientific, Fair Lawn, NJ) and deionized water.  A range from 0.1 ppm to 100 ppm was used for 
AA analysis.  Equation 1 was also used to calculate ppm concentrations for UV/VIS experiments 
from 1 ppm to 20 ppm.  For extractions involving the use of Tiron, the silica standard solutions 
were prepared with Tiron solution in place of deionized water. 
 
 2.2.2 AA Analysis 
The experiments involving atomic absorption were done using a Perkin Elmer Atomic 
Absorption Spectrophotometer 3110. The instrument was set using the recommended HGA 
analytical conditions for silicon at 251.6 nm, a graphite furnace with an integrated platform, 
HGA 600, and AS-60 auto sampler analyzing 100 µL.  The software used was Perkin Elmer 
Atomic Absorption Laboratory Benchtop (1985).  The method closely followed the procedure 
for dissolution of allophane and free alumina and silica as described in Hashimoto and Jackson 
(23)
. Where the procedure differs is as follows.  The samples were weighed to 30 mg, and 30 mL 
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of either 0.5 M NaOH or Tiron were added inside a centrifuge tube.  The ratio of solute (rock 
powder) to solvent was kept constant, even though the quantity differed from that suggested by 
Hashimoto and Jackson.  This change was made to keep the amount of sample constant with the 
amount used in the Tiron experiments.  The NaOH solution was brought to a rapid boil for 2.5 
minutes prior to addition into the centrifuge tube.   The centrifuge tube was then placed in a hot 
water bath for an additional 2.5 minutes then immediately inside a cold water bath until room 
temperature was reached.  The samples were centrifuged at 4000 g for 10 minutes.  The clear 
supernatant was siphoned from the centrifuge tube by pipet and placed in a 15 mL centrifuge 
tube (Corning, USA).  Deionized water was added to obtain a solution with a 4X dilution.  
Dissolved Si was determined immediately using atomic absorption. 
  
2.2.3 UV/VIS Analysis 
 For UV/VIS analysis, each sample was weighed to 0.030 g and placed in a centrifuge 
tube. Exactly 30 mL of 1 M, heated NaOH was added to each sample, followed by a hot water 
bath for 2.5 minutes 
(23)
. The samples were then centrifuged for 3 minutes at 4000 g.  The 
supernatant was siphoned off and a 5 mL sample was placed in a 15 mL centrifuge tube 
(Corning, USA) and used for analysis.  The previous steps were taken from A combination of 
two papers, slightly altering amount of solute while maintaining the solute: solvent ratio 
(20, 23)
.  
The next two steps, however, are from this study.  Approximately 0.60 g of powdered CaCO3 
was added to each 5 mL sample as a buffer, followed by the addition of 1 mL concentrated HCl 
to neutralize the pH for analysis.  The pH neutralization was required because the NaOH and 
Tiron solutions caused very high pH values that would have interfered with the following steps.  
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Acidification was buffered by the addition of CaCO3, and neutralization was confirmed using a 
pH indicator strip. Molybdate and HR silica (sulfamic acid) reagents were added to each sample 
using prepared 5 mL use packets (Hach, Loveland, CO).  The samples were left for 10 minutes to 
allow reagents to fully dissolve.  A final silica 3 reagent (sodium sulfite) was added.  A blue 
color appears if silica is present.  Each sample was filtered using a 25 mm GD/XP disposable 
polypropylene prefilter syringe with a 0.45 µm pore size (Whatman, Florham Park, NJ) and 
analyzed using a Turner (Barnstead international, Dubuque, Iowa) UV/VIS instrument, model 
number SM110245, at 815.0 nm wavelength.  
 For the same set of samples, extractions were also conducted using the Tiron solution 
prepared as described in chapter 2.1.1.  The sample weight was maintained at 0.030 g and a 
volume of 30 mL Tiron solution was added.  The samples were placed in a hot water bath for 10 
minutes followed by centrifuge for 3 min at 4000 g.  The supernatant was siphoned off and a 5 
mL volume was used for each analysis.  It was necessary to add 0.50 mL of 50% H2O2 to destroy 
the Tiron while in a hot water bath until the color disappeared 
(20)
.  This action destroys the 
chelating agent and releases metals back into solution.  The samples were then left to dry until 
the H2O2 completely evaporated.  Once evaporated, 5 mL of 1 M NaOH was added and the 
remaining steps were done exactly as in the sample preparation for NaOH stated above. Figures 
1.1 and 1.2 illustrate both procedures step by step. 
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Figure 2.1 Flow chart of UV/VIS analysis procedure using NaOH. 
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Figure 2.2 Flow Chart of UV/VIS Analysis Procedure using Tiron Solution. 
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2.3 X-Ray Florescence 
 2.3.1 Whole-Rock Analysis and Sample Prep 
 More than 300 samples were obtained from GDOT and analyzed using WD XRF Lithium 
tetraborate fusion.  Each aggregate sample, in powder form, was weighed to 0.5 g and mixed 
with 4.5 g of Flux.  The sample was placed in a platinum crucible in the furnace at 1100˚ C for 
10 min.  The crucible was held over a flame and placed back in the furnace for an additional 5 
min.  The liquid was then poured into a mold and allowed to harden.  The final disks were placed 
in desiccators until XRF analysis could be done as described in section 2.3.2.   
 All samples were placed inside the Rigaku 3270 Wavelength Dispersive X-ray 
fluorescence spectrometer for analysis of major and trace elements.  An alpha correction and 
standard were done prior to running samples.  
 
3 Results 
3.1 XRF 
All samples supplied by GDOT were analyzed using WD XRF.  The analyses included 
both major and trace element data by percent composition and ppm respectively.  In addition to 
the GDOT samples, two standards and four samples collected from Rome were analyzed.  The 
samples from Rome are volcanic tuffs and granular ash deposits that erupted from the Alban 
Hills and Monti Sabatini volcanic districts
 (24)
.   
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3.1.1 XRF Data 
More than 300 samples provided by GDOT were analyzed by XRF and are listed in 
Section 7.  A total of six additional samples were analyzed and are listed in Tables 3.1 and 3.2.  
Most of these data will not directly contribute to this study, but will be a contributor to the state 
aggregate geology database.  
 
Table 3.1 Major Element Data From XRF Analysis on Rome and USGS Standard Samples.   
  
      (% Composition)           
Sample 
name Source SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 
GH1 
USGS 
Std.  75.8 0.08 12.5    1.3 0.05 0.03 0.7 3.9 4.76 0.01 
RGM-12 
USGS 
Std.  73.4  0.3 13.7   1.9 0.04 0.3 1.2 4.1 4.30 0.0 
RGM-13 
USGS 
Std.  73.0  0.3 14.3   2.0 0.04 0.3 1.3 4.8 4.41 0.2 
DEO-
CDL-133 ROME  43.1  1.0 17.6 11.1 0.20 4.0 8.5 0.10 4.61 0.8 
DEO-
CDL-253 ROME  38.0  1.2 22.9 13.2 0.24 1.6 3.8 Nd. 0.97 0.8 
DEO-
TC23 ROME  49.5  1.1 22.3   9.0 0.12 2.5 2.6 0.3 2.16 0.3 
DEO-
TC73 ROME  43.1  1.2 21.5  10.6 0.12 2.2 3.0 0.2 1.74 0.4 
1
Accepted Value, USGS
 (26) 
2
Accepted Value, USGS 
(27) 
3
This Study 
Nd
 Not Detected 
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Table 3.2 Trace Element Data From XRF Analysis on Rome and USGS Standard Samples. 
  
  (ppm)       
Sample 
name Source Rb  Sr  Y  Zr Nb 
GH1 USGS Std.  390 10 75 150 85 
RGM-12 USGS Std.  149 108  25 219 9 
 DEO-
CDL-133 ROME  211 1007 47 489 31 
 DEO-
CDL-253 ROME  44 654 71 580 32 
 DEO-
TC23 ROME  181 689 52 457 35 
 DEO-
TC73 ROME  109 615 45 466 30 
1
Accepted Value USGS 
(26)
 
2
Accepted Value, USGS 
(27) 
3
This Study 
 
 
 
 
 
 
 3.1.2 XRF Error Analysis 
 An alpha correction and standard were done daily before running samples to ensure the 
instrument was calibrated.  The source locations are limited to the information provided by 
GDOT.  The samples were collected by GDOT from quarries used by the department.  The 
majority of the samples were gathered from Georgia and neighboring states. Based on seven 
replicate analyses of USGS standard, RGM-1, calculated standard deviations for analyses are as 
follows: SiO2 = 0.3, TiO2 = 0.0, Al2O3 = 0.1, Fe2O3 = 0.01, MnO = 0.0, MgO = 0.01, CaO = 
0.01, Na2O = 0.03, K2O = 0.02, P2O5 = 0.01.  The difference between reported and analyzed 
standard, RGM-1, was calculated as (RGM-1usgs) – (RGM-1this study), found to be SiO2 = 0.4%, 
TiO2 < 0.1%, Al2O3 = 0.6%, Fe2O3 = 0.1%, MnO < 0.1%, MgO = 0.01%, CaO = 0.1%, Na2O = 
0.7%, K2O = 0.1%, P2O5 = 0.2%. 
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3.2 AA 
Experiments were conducted using atomic absorption for a select set of samples.  Based 
on information provided by GDOT, two samples groups were chosen.  One set being aggregate 
that may be prone to ASR and the second set that has not failed any ASR test, and therefore is 
considered not prone to ASR reactions.  The two standards and four Rome samples were added 
to provide additional insight into the comparison of the two solutions used. 
3.2.1 AA Data 
 Experiments were conducted on 16 samples (Section 3.2) using atomic absorption.  One 
set of extractions was done using NaOH and the second set by Tiron.  Table 3.3 lists the sample 
names and concentrations in ppm, along with percent SiO2 concentrations from the XRF 
analysis.  Figure 3.1 shows the concentrations in ppm for each set of samples. The general trend 
indicates that silica concentrations are higher when NaOH is used to extract silica than when 
Tiron is used.  
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Table 3.3 Concentrations of Si in ppm for Extractions done in NaOH and in Tiron using 
AA.  Percent SiO2 is Included from XRF Analysis.  
Atomic Absorption (AA)  XRF  NaOH  Tiron 
Sample name %SiO2 
 Conc. 
(ppm) 
Conc. 
(ppm) 
RGM-1 73.5  37 3.9 
GH 75.8  16 12.5 
DEOCDL25 38.0  54 12 
DEOCDL13 43.1  40  * 
DEOTC2 49.5  44 4 
DEOTC7 43.1  20 4 
JC1 63.1  15 13 
JC2 41.0  16 7.0 
JC3 68.8  12 11.1 
JC4 56.3  20 1.9 
JC5 54.6  16  * 
X123 44.6  7  * 
X127 70.6  5 1.7 
X128 44.2  6 9.6 
X129 74.9  12 1.4 
X135 71.5  14 7.7 
*Indicates error in sample. 
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Figure 3.1 Silica Concentrations (ppm) of Samples in NaOH versus Tiron.  Samples 1 
through 16 are listed in Table 3.3. 
 
 3.2.2 AA Error Analysis 
 The use of atomic absorption was suggested by Kodoma and Ross 
(20)
.  For this reason, 
experiments were conducted initially using the AA.  Extractions were done using NaOH and 
Tiron numerous times, but were thrown out for inconsistences. We believe this was due to the 
organic compounds in Tiron.  It is likely those compounds when atomized, created a film on the 
graphite furnace which caused inconsistent readings.  It was necessary to use an alternate method 
of analysis, UV/VIS (Section 3.3) to gain reliable results.  If we compare the results of AA and 
UV/VIS analysis’s using Figures 3.2 and 3.3, the silica concentrations from extractions using 
Tiron, analyzed on the AA, are far different from the UV/VIS results.  Using NaOH, however, 
there is a definite linear trend.  The NaOH runs on the AA may have also been influenced by 
some organic residue resulting from Tiron experiments.  
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Figure 3.2 Comparison of Silica Concentrations in ppm of NaOH Extractions using AA 
and UVVIS. 
 
 
Figure 3.3 Comparison of Silica Concentrations in ppm of Tiron Extractions using AA and 
UVVIS. 
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3.3 UV/VIS  
Due to the complications mentioned in Section 3.2.2, it was necessary to abandon the AA 
and move to an alternate method of analysis.  In order to determine silica concentrations on the 
same set of 16 samples, the method illustrated in Figures 2.1 and 2.2 were used for UVVIS 
analysis.   
 3.3.1 UV/VIS Data 
 The silica concentrations in ppm are listed in Table 3.4.  The samples used were the same 
set of samples as described in Section 3.2 (AA).  The silica concentrations for NaOH extractions 
remained higher than samples extracted by Tiron.  This was consistent with the AA results, even 
considering the issues that occurred with the atomic absorption instrument.  A calibration curve 
was defined and is listed in Table 3.5 and Figure 3.4 for NaOH and Table 3.6 and Figure 3.5 for 
Tiron.  Figure 3.7 illustrates the relationship between NaOH: Tiron extraction ratio to SiO2 
concentrations in Tiron in ppm.  The concentrations of SiO2 in the Tiron extractions are high 
only when the extraction ratio is low.  Figure 3.8 illustrates the silica concentrations for all 
samples after extractions by both NaOH and Tiron.  Figure 3.9 incorporates the total silica 
concentrations for all samples based on XRF analysis and compares those results with the NaOH 
and Tiron extractable amounts of silica.   
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Table 3.4 Concentrations of Si in ppm for Extractions done in NaOH and Tiron Using 
UV/VIS Analysis. 
 XRF UV/VIS Analysis Extractions with Tiron, Si 
Extractions with 
NaOH, Si 
%SiO2 Sample name Concentration (ppm) Concentration (ppm) 
73.5 RGM-1 4.6 21.7 
75.8 GH 8.2 23.4 
38.0 DEOCDL25 10.0 48.5 
43.1 DEOCDL13 7.7 33.3 
49.5 DEOTC2 7.7 42.4 
43.1 DEOTC7 10.0 35.4 
63.1 JC1 12.0 14.1 
41.0 JC2 15.6 15.3 
68.7 JC3 *  14.9 
56.3 JC4 15.1 16.1 
54.6 JC5 6.2 16.6 
44.6 X123 15.0 5.3 
70.6 X127 2.5 14.5 
44.2 X128 10.0 13.3 
74.9 X129 14.0 6.0 
71.5 X135 *  16.4 
 
Table 3.5 Calibration Data for Extractions done in NaOH Using UV/VIS. 
Wavelength 
(λ) 
Std. Conc. 
(ppm) Abs (A) 
Std. 
Deviation 
815.0 0 0.000 0.00 
815.0 1 0.100 0.05 
815.0 5 0.247 0.01 
815.0 10 0.560 0.02 
815.0 20 1.174 0.01 
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Figure 3.4 Samples Extracted Using NaOH.  Figure Includes Instrument Calibration Listed 
in Table 3.5. 
 
Table 3.6 Calibration Data for Extractions Done in Tiron Using UV/VIS.  
Wavelength 
(λ) 
Std. Conc. 
(ppm) 
Abs 
(A) 
Std. 
Deviation 
815.0 0 0.000 0.00 
815.0 1 0.360 0.04 
815.0 10 1.875 0.10 
815.0 20 2.388 0.05 
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Figure 3.5 Samples Extracted Using Tiron.  Figure Includes Instrument Calibration Listed 
in Table 3.6. 
 
Figure 3.6 Concentrations of Silica Using UV/VIS.  A Comparison of Extractions done by 
Using NaOH Versus Tiron.  Silica Concentrations are in ppm.  Samples 1-16 are Listed in 
Table 3.4.  
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Figure 3.7 Ratio of NaOH extracted SiO2 to Tiron extracted SiO2. 
 
 
Figure 3.8 Concentrations of Silica after Extractions for all Samples in grams. 
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Figure 3.9 NaOH Extractable Si: Total Si Based on XRF Analysis and Tiron Extractable 
Si: Total Si.  Samples are Separated Based on Source Location. 
 
 3.3.2 UV/VIS Error Analysis 
It is not possible to do a standard error analysis on the data obtained from the UV/VIS 
experiments with only one sample run.  The errors that occurred with trying to obtain reliable 
data with the AA resulted in a large amount of time consumed.  Ideally at least two more sets of 
data would be obtained to confirm the results as described in section 3.3.1.  In addition, the 
samples provided by GDOT may not be representative of the materials used in conducting 
analyses that contributed to the prone or not prone statements for X and JC samples.   
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4 Discussion 
4.1 Comparison of NaOH, Tiron, and XRF results 
This research was designed to compare the silica extraction capability of NaOH with 
Tiron on aggregates, including assessment of alternative analytical methods. The current ASTM 
testing method 
(13)
 uses NaOH to extract reactive silica; however it has been criticized for being 
too harsh, possibly extracting crystalline silica, which does not contribute to ASR.  Sixteen 
samples were studied, two prepared standards (granite and rhyolite), and four samples taken 
from two locations in the Alban Hills and Monti Sabatini volcanic districts, Rome. The sample 
names and concentrations using UV/VIS are listed in Table 3.6.  
The study shows a definite decrease in the amount of silica extracted by Tiron than from 
the NaOH extractions when our procedure is used, as illustrated in Figure 3.6.  Silica 
concentrations by Tiron range from approximately 4 to 15 ppm, while NaOH extracted silica in 
concentrations ranging from 5 to 48 ppm.  The differences in concentrations between samples are 
directly related to varying compositions, listed in Tables 3.3 and 3.4 as percent silica composition 
using XRF analysis.   
Additionally, the inability of NaOH to distinguish between crystalline and poorly or non-
crystalline silica, as ASTM C-289 itself suggests, adds to the differences.  Due to the nature of 
Tiron, a chelating agent, crystalline silica appears to not be influenced, making those results a 
more accurate indication of the amount of reactive silica in an aggregate with additional testing.  
Tiron extractable silica is significantly lower than NaOH extractable silica. 
Figure 3.7 shows that the concentrations of SiO2 in the Tiron extractions are only high 
when the NaOH: Tiron extraction ratio is low.  The NaOH: Tiron extraction ratio is expected to 
MH5 with c-myc AC8 with c-myc 
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be low only when the proportion of amorphous silica is high.  Conversely, when the NaOH: 
Tiron extraction ratio is high, it is expected to occur in rocks with relatively low proportions of 
amorphous silica.  Therefore, potential aggregates with greater amorphous silica, which are more 
prone to ASR, can be recognized through the Tiron extractions.  High NaOH extractions, on the 
other hand, can potentially give “false positives” of ASR potential.   
Unfortunately, it is not possible based on the current experiments to indicate without 
uncertainty why each set of samples were considered prone or not prone to ASR, as this 
information was provided solely by GDOT and may not be representative of previous tests 
conducted by GDOT indicating ASR prone or not-prone samples.  Our research was focused on 
determining the benefits of altering the current chemical testing method for ASR potential. 
 
4.2 Implications and Recommendations 
The best method to determine silica concentration following chelation, based on our 
experiments, is by UV/VIS analysis.  It was determined that the results from the AA are not 
reliable due to inferences caused by organic residue from the Tiron solution; therefore,   the use 
of AA to conduct experiments to determine silica concentrations is not recommended.   
 
4.3 Future Work 
Future studies to further develop this idea should include petrographic analysis to better 
characterize the reactive components of the aggregate.  Studies should also be conducted to 
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quantify crystalline versus poorly and non-crystalline silica using XRD, along with multiple 
sample runs to compare results and conduct a thorough error analysis. 
5 Conclusions 
 Tiron chelation is a gentler method of silica extraction compared to NaOH extraction.  
This may be helpful in discriminating reactive versus crystalline silica. 
 Atomic Absorption Spectroscopy of Tiron extractions are complicated, perhaps by 
carbon content in the graphite furnace, yielding unreliable results. 
 UV/VIS is a reliable alternative to AA for silica extract determinations. 
 The preliminary results presented here show that Tiron extractions were most effective in 
samples with low NaOH: Tiron extraction ratios, consistent with selective extraction of 
amorphous material. 
 Future studies should focus on XRD and petrographic analyses. 
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7 Appendix 
7.1 Table of major element data from XRF analysis listed as percent composition. 
GSU SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI TOTAL 
X001 51.49 0.43 18.31 6.78 0.12 7.04 11.28 1.56 1.00 0.05 1.38 99.44 
X002 49.09 1.99 13.51 14.57 0.24 6.25 9.80 1.40 0.93 0.23 0.53 98.54 
X003 62.60 0.28 15.75 7.09 4.81 0.38 4.82 3.54 0.44 0.06 0.10 99.87 
X004 0.00 0.03 0.27 0.30 0.04 0.29 60.71 0.00 0.03 0.09 35.27 97.03 
X005 74.35 0.21 12.55 2.31 0.04 0.28 0.50 4.12 4.33 0.04 0.17 98.90 
X006 70.26 0.32 14.60 2.22 0.03 0.52 2.10 3.84 3.61 0.08 0.13 97.71 
X007 71.20 0.26 14.93 2.04 0.03 0.44 2.04 4.23 3.39 0.06 0.41 99.03 
X008 65.79 0.89 15.30 6.24 0.06 1.60 2.39 2.89 3.41 0.11 0.91 99.59 
X009 63.52 0.98 15.92 7.61 0.11 1.97 2.17 3.65 3.34 0.17 0.81 100.25 
X010 73.51 0.09 14.05 1.36 0.03 0.02 0.35 4.48 5.43 0.02 0.44 99.78 
X011 54.91 1.24 15.00 10.54 0.16 4.22 7.34 2.80 1.60 0.20 8.99 107.00 
X012 54.98 0.81 16.01 10.24 0.16 5.50 9.34 2.86 0.50 0.14 2.20 102.74 
X013 47.46 0.38 19.25 7.25 0.11 8.59 13.39 1.56 0.17 0.02 0.94 99.12 
X014 70.29 0.16 11.82 2.03 0.08 0.04 0.45 4.11 4.32 0.03 0.04 93.37 
X015 73.53 0.24 12.77 2.63 0.06 0.13 0.71 4.08 4.53 0.04 0.20 98.92 
X016 41.86 0.50 7.71 1.97 0.02 8.48 17.30 0.00 3.35 0.15 21.59 102.93 
X017 0.00 0.04 0.51 0.28 0.02 0.55 58.51 0.00 0.08 0.05 42.00 102.04 
X018 58.71 0.80 16.94 8.27 0.14 3.12 5.27 0.59 3.21 0.19 2.40 99.64 
X019 41.93 0.03 0.34 0.49 0.01 6.73 27.62 0.00 0.05 0.01 27.07 104.28 
X020 48.00 0.78 14.71 11.41 0.26 7.10 7.59 3.87 0.45 0.11 0.46 94.74 
X021 74.81 0.23 13.51 1.94 0.06 0.26 0.75 3.68 4.75 0.11 0.78 100.88 
X022 42.95 0.15 3.77 1.09 0.03 6.83 23.29 0.00 2.19 0.06 23.80 104.16 
X023 69.55 0.43 14.86 2.81 0.06 0.71 1.65 3.27 5.89 0.15 1.04 100.42 
X024 74.68 0.28 12.09 2.98 0.12 1.29 0.29 4.94 0.98 0.05 0.46 98.16 
X025 70.13 0.30 14.83 4.62 0.08 1.51 3.66 3.68 1.61 0.05 0.35 100.82 
X026 76.65 0.25 13.30 1.96 0.01 0.50 2.84 3.90 0.77 0.03 2.23 102.44 
X027 51.31 1.35 15.45 7.56 0.12 3.84 5.51 3.89 3.24 0.53 0.86 93.66 
X028 35.04 0.13 3.27 0.76 0.01 14.68 21.48 0.00 1.98 0.06 29.01 106.42 
X029 71.20 0.23 12.39 2.64 0.06 0.14 0.69 4.02 4.55 0.04 0.30 96.26 
X030 73.89 0.23 12.78 2.64 0.06 0.15 0.68 4.11 4.51 0.04 0.05 99.14 
X031 71.91 0.37 12.27 3.51 0.09 0.79 0.73 2.67 3.81 0.11 0.89 97.15 
X032 39.86 0.94 12.11 14.28 0.19 4.56 9.39 2.57 0.83 0.06 0.16 84.95 
X033 57.16 0.80 15.72 7.57 0.13 3.60 6.68 3.20 2.26 0.21 1.05 98.38 
X034 83.36 0.08 1.16 0.85 0.00 0.00 0.00 0.00 0.18 0.01 1.19 86.83 
X035 44.83 0.16 10.94 7.61 0.16 16.39 12.90 0.94 0.76 0.01 1.71 96.41 
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GSU SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI TOTAL 
X036 88.97 0.08 0.82 1.22 0.00 0.00 0.00 0.00 0.17 0.01 0.47 91.74 
X037 68.45 0.34 11.77 2.30 0.07 0.35 0.88 2.95 5.44 0.07 0.69 93.31 
X038 54.39 0.78 15.87 8.73 0.15 4.95 7.82 2.70 1.94 0.18 1.38 98.89 
X039 34.08 0.08 5.64 0.67 0.02 0.00 0.49 1.78 2.06 0.02 0.39 45.23 
X040 64.42 0.75 12.29 9.14 0.18 3.01 4.76 1.91 0.83 0.20 1.29 98.78 
X041 73.15 0.21 11.56 1.59 0.02 0.07 0.31 2.86 5.25 0.02 0.30 95.34 
X042 63.47 0.64 15.20 4.37 0.07 1.53 3.41 4.19 1.78 0.19 0.47 95.32 
X043 57.85 0.63 16.35 7.21 0.13 3.99 7.21 3.18 1.51 0.16 1.52 99.74 
X044 90.16 0.07 0.93 1.02 0.00 0.00 0.00 0.00 0.11 0.02 1.77 94.08 
X045 46.04 1.27 12.59 11.78 0.26 8.47 10.92 2.17 0.21 0.11 0.91 94.73 
X046 63.35 1.01 11.84 5.27 0.05 1.60 2.43 2.77 2.19 0.21 1.19 91.91 
X047 89.45 0.12 1.10 0.98 0.00 0.00 0.00 0.00 0.14 0.01 9.18 100.98 
X048 61.25 0.76 10.65 5.68 0.15 1.46 7.56 1.89 0.57 0.14 0.48 90.59 
X049 51.66 0.95 14.76 8.87 0.17 4.28 7.35 2.98 2.47 0.26 1.17 94.92 
X050 72.33 0.23 13.01 2.53 0.07 0.27 0.56 4.51 4.68 0.04 0.11 98.34 
X051 42.34 0.98 15.97 12.86 0.18 6.88 8.86 2.90 0.25 0.17 3.30 94.69 
X052 66.76 0.11 6.81 1.83 0.01 0.23 1.38 2.91 0.58 0.10 0.34 81.06 
X053 56.55 0.12 11.08 1.34 0.03 0.18 1.63 3.55 5.10 0.04 0.45 80.07 
X054 48.05 1.26 25.48 7.19 0.13 2.62 1.63 2.68 5.87 0.28 3.55 98.74 
X055 47.96 0.53 15.11 10.56 0.20 10.22 12.66 1.17 0.45 0.05 1.06 99.97 
X056 94.41 0.20 1.44 1.54 0.00 0.00 0.00 0.00 0.20 0.02 0.91 98.72 
X057 95.40 0.14 1.57 1.70 0.00 0.00 0.06 0.00 0.28 0.01 0.97 100.13 
X058 71.22 0.20 11.10 1.85 0.04 0.18 0.90 2.89 4.74 0.04 0.58 93.74 
X059 68.05 0.19 11.13 1.32 0.03 0.14 0.88 2.33 6.40 0.03 0.71 91.21 
X060 73.43 0.21 12.21 1.75 0.05 0.11 0.77 3.14 5.38 0.04 0.58 97.67 
X061 70.96 0.12 14.14 1.47 0.02 0.23 2.12 5.14 1.30 0.04 0.29 95.83 
X062 51.39 1.11 17.49 9.51 0.17 3.62 3.15 3.69 2.15 0.14 0.41 92.83 
X063 73.58 0.14 12.50 1.25 0.05 0.12 0.93 3.71 3.75 0.03 0.50 96.56 
X064 86.94 0.04 1.06 0.73 0.00 0.30 5.82 0.00 0.30 0.01 5.42 100.62 
X065 97.05 0.08 0.57 0.88 0.00 0.03 0.45 0.00 0.09 0.01 0.10 99.26 
X066 1.08 0.03 0.31 0.13 0.01 0.26 57.61 0.00 0.06 0.01 41.70 101.20 
X067 44.09 1.67 24.77 14.30 0.24 4.87 3.30 2.82 1.40 0.32 0.13 97.91 
X068 45.53 2.12 15.00 14.91 0.18 4.80 10.42 2.20 0.98 0.26 0.21 96.61 
X069 68.86 1.42 15.26 16.77 0.36 4.03 2.38 1.54 0.31 0.36 0.48 111.77 
X070 56.21 1.71 19.30 12.78 0.14 5.16 5.62 4.94 0.58 0.40 0.18 107.02 
X071 78.97 1.05 11.92 6.14 0.08 1.40 1.48 1.74 3.03 0.11 0.74 106.66 
X072 100.90 0.17 1.69 0.66 0.00 0.00 0.00 0.00 0.34 0.02 1.27 105.05 
X073 66.49 0.94 16.00 6.42 0.12 1.57 2.29 3.41 6.05 0.51 0.85 104.65 
X074 65.87 0.66 15.74 4.68 0.06 1.30 2.58 4.25 5.06 0.21 0.59 101.00 
X075 73.47 0.79 17.39 3.19 0.10 1.08 3.86 7.50 0.75 0.15 0.11 108.39 
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GSU SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI TOTAL 
X076 60.16 0.54 7.92 11.86 0.23 14.20 6.76 1.37 1.18 0.38 2.51 107.11 
X077 40.97 2.04 13.33 16.53 0.18 11.71 9.28 2.06 2.02 0.24 1.59 99.95 
X078 54.34 0.67 12.15 4.86 0.07 0.96 2.57 3.10 4.77 0.17 0.64 84.30 
X079 55.91 2.43 14.22 11.32 0.20 2.52 5.24 1.75 3.10 0.90 0.42 98.01 
X080 64.12 1.05 16.13 9.34 0.05 1.54 2.55 4.66 2.57 0.18 2.32 104.51 
X081 68.59 0.14 15.34 2.35 0.07 0.44 1.44 3.80 5.99 0.03 0.31 98.50 
X082 51.04 0.31 15.29 6.84 0.14 10.06 8.95 2.27 1.21 0.05 3.45 99.61 
X083 51.24 1.58 14.96 9.08 0.16 2.46 4.96 4.08 3.03 0.81 0.59 92.95 
X084 67.40 0.30 11.50 3.32 0.06 0.23 0.95 3.23 4.50 0.04 0.38 91.91 
X085 55.90 0.64 12.48 4.48 0.07 1.35 3.20 3.71 3.15 0.17 0.49 85.64 
X086 43.54 0.31 13.92 7.58 0.21 9.10 8.67 2.60 2.43 0.05 3.33 91.74 
X087 54.47 0.70 14.29 3.29 0.08 0.78 2.44 6.57 3.40 0.11 0.23 86.36 
X088 63.07 0.25 11.14 3.33 0.07 0.57 2.48 3.40 2.18 0.05 0.54 87.08 
X089 64.13 0.47 13.57 2.91 0.07 0.60 2.67 5.53 2.06 0.10 0.20 92.31 
X090 54.60 0.82 17.08 9.57 0.18 3.35 7.70 3.07 1.28 0.18 1.53 99.36 
X091 55.48 0.88 17.46 9.30 0.12 4.78 4.72 2.47 2.70 0.31 1.13 99.35 
X092 55.56 0.83 12.53 8.28 0.11 3.99 4.75 3.39 1.47 0.15 0.55 91.61 
X093 69.63 0.41 13.36 3.64 0.14 0.77 1.37 5.91 2.82 0.18 0.46 98.69 
X094 49.44 0.74 12.50 8.63 0.34 3.90 6.28 3.84 3.40 0.14 0.36 89.57 
X095 70.08 0.15 12.20 1.33 0.01 0.10 0.94 2.48 5.98 0.02 0.10 93.39 
X096 68.50 0.07 13.51 1.25 0.02 0.03 1.22 4.74 4.26 0.02 0.10 93.72 
X097 50.93 0.86 14.15 11.66 0.21 7.20 10.74 1.97 0.34 0.10 1.01 99.17 
X098 63.78 0.83 15.55 4.26 0.10 1.41 4.41 6.17 1.14 0.24 0.37 98.26 
X099 63.15 0.86 16.43 4.74 0.07 1.57 3.52 2.82 4.84 0.31 0.38 98.69 
X100 75.47 0.12 13.75 1.05 0.01 0.24 2.56 4.06 1.76 0.01 0.94 99.97 
X101 67.86 0.46 14.34 4.42 0.09 1.89 4.20 4.02 1.08 0.11 0.66 99.13 
X102 71.73 0.26 13.64 2.28 0.04 0.41 0.94 3.77 5.65 0.08 0.81 99.61 
X103 84.34 0.05 14.25 0.76 0.03 0.00 0.44 2.45 6.82 0.08 0.37 109.59 
X104 61.26 1.11 15.99 6.41 0.10 2.15 2.41 2.81 4.74 0.36 1.97 99.31 
X105 47.24 1.40 15.31 9.98 0.19 7.07 7.74 1.92 2.81 0.21 7.47 101.34 
X106 56.00 1.49 16.91 6.39 0.10 3.20 5.00 3.45 3.93 0.44 0.95 97.86 
X107 70.46 0.33 12.25 2.43 0.06 0.35 1.23 2.98 4.67 0.08 0.23 95.07 
X108 73.83 0.14 13.81 2.98 0.07 0.00 0.85 4.42 5.40 0.02 0.78 102.30 
X109 76.53 0.19 12.28 2.72 0.02 0.00 0.13 4.24 4.21 0.02 0.57 100.91 
X110 51.22 0.15 11.56 1.50 0.02 0.31 2.09 3.87 3.20 0.08 0.22 74.22 
X111 68.74 0.21 11.76 2.02 0.04 0.49 1.46 4.69 2.32 0.04 0.61 92.38 
X112 69.19 0.28 13.14 2.48 0.06 0.19 3.20 2.59 4.81 0.07 1.04 97.05 
X113 77.40 0.14 10.86 1.91 0.05 0.46 4.63 4.75 0.14 0.04 2.86 103.24 
X114 71.88 0.32 13.23 2.27 0.05 0.58 1.61 3.34 4.25 0.10 0.45 98.08 
X115 62.49 0.69 12.57 4.59 0.07 1.08 2.44 3.51 1.53 0.18 0.57 89.72 
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GSU SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI TOTAL 
X116 50.47 1.34 21.00 7.86 0.08 2.32 5.90 5.15 1.94 0.31 1.16 97.53 
X117 45.14 1.50 16.43 14.45 0.18 6.06 8.21 2.99 0.27 0.26 1.48 96.97 
X118 64.79 1.18 15.29 6.83 0.12 2.25 4.47 3.44 2.32 0.33 0.40 101.42 
X119 56.11 0.74 13.70 6.19 0.14 1.88 2.80 3.66 3.14 0.18 0.97 89.51 
X120 49.99 0.80 13.74 11.66 0.18 6.71 10.88 1.77 0.57 0.10 0.86 97.26 
X121 54.55 1.38 15.36 6.54 0.09 3.45 4.70 3.01 4.06 0.40 0.92 94.46 
X122 43.57 2.75 16.19 13.68 0.23 4.82 8.66 3.94 1.28 0.93 0.50 96.55 
X123 44.58 1.29 14.69 10.89 0.18 7.22 11.49 3.08 0.60 0.15 0.51 94.68 
X124 59.64 0.92 17.90 8.40 0.23 2.74 2.07 1.67 3.46 0.10 1.36 98.49 
X125 74.28 0.13 14.61 1.38 0.01 0.26 1.78 6.88 0.22 0.04 0.75 100.34 
X126 60.02 0.99 14.05 6.91 0.19 6.31 5.58 2.55 3.28 0.39 0.79 101.06 
X127 70.64 0.19 13.44 2.72 0.06 1.60 1.16 3.60 4.06 0.03 0.38 97.88 
X128 44.18 1.48 13.99 10.80 0.25 6.98 16.25 1.58 0.33 0.15 0.90 96.89 
X129 74.86 0.12 11.62 1.21 0.02 0.41 0.48 2.23 2.57 0.02 1.12 94.66 
X130 72.51 0.26 13.24 1.89 0.04 0.26 1.27 3.18 5.10 0.08 0.18 98.01 
X131 50.36 0.67 13.46 7.17 0.13 2.68 5.04 2.05 2.26 0.13 0.52 84.47 
X132 63.73 0.47 15.92 2.44 0.04 0.59 2.02 5.20 4.38 0.13 1.04 95.96 
X133 56.28 0.19 10.07 2.18 0.06 0.28 1.36 3.31 3.27 0.04 0.65 77.69 
X134 43.86 1.86 17.03 14.21 0.18 5.52 0.69 0.35 6.73 0.33 6.94 97.70 
X135 71.50 0.05 14.14 0.72 0.06 0.00 1.23 5.06 2.98 0.01 0.23 95.98 
X136 70.41 0.18 11.74 1.62 0.05 0.09 0.75 3.18 4.94 0.04   93.00 
X137 68.81 0.11 13.21 1.18 0.02 0.14 1.36 3.10 5.45 0.06 0.75 94.19 
X138 44.50 3.32 13.88 17.01 0.24 6.21 9.83 2.62 0.90 0.49 0.45 99.45 
X139 55.83 0.29 8.24 9.37 0.32 10.25 5.71 0.46 1.18 0.09 9.10 100.84 
x140 73.66 0.22 12.07 1.83 0.05 0.16 0.80 3.17 4.91 0.05   96.92 
X141 45.96 1.54 17.23 14.46 0.18 6.43 8.36 3.15 0.31 0.27 1.71 99.60 
X142 77.04 0.28 11.98 3.41 0.04 0.18 1.03 3.27 4.17 0.05 0.44 101.89 
X143 59.87 0.97 14.54 8.06 0.12 1.97 2.50 3.15 2.97 0.20 0.92 95.27 
X144 34.47 0.55 12.38 4.84 0.05 3.11 24.43 0.43 1.68 0.06 18.06 100.06 
X145 72.36 0.17 14.66 2.22 0.01 0.24 1.72 3.21 4.13 0.10 0.56 99.38 
X146 46.60 0.77 20.79 7.15 0.09 2.81 12.11 1.28 1.60 0.16 1.95 95.31 
X147 67.42 0.42 15.10 3.76 0.06 0.98 1.79 2.26 2.89 0.08 1.14 95.90 
X148 70.01 0.59 15.37 4.16 0.07 1.20 2.38 3.87 3.46 0.18 1.49 102.78 
X149 58.93 0.94 24.09 8.89 0.03 3.17 0.71 0.99 2.95 0.11 1.87 102.68 
X150 72.24 0.06 13.99 0.97 0.14 0.07 1.23 3.83 4.43 0.02 0.12 97.10 
X151 63.92 1.25 10.23 14.74 0.12 2.56 1.30 0.17 1.49 0.07 1.07 96.92 
X152 72.90 0.15 11.86 1.37 0.04 0.08 0.74 3.00 4.95 0.03 0.66 95.78 
X153 74.46 0.20 11.67 1.90 0.05 0.13 0.73 3.01 4.69 0.04   96.88 
X154 73.94 0.84 6.83 12.28 0.08 0.96 0.71 0.01 0.64 0.08 0.40 96.77 
X155 70.22 0.21 10.87 1.76 0.04 0.11 0.77 2.92 4.66 0.04   91.60 
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GSU SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI TOTAL 
X156 65.99 0.34 11.84 2.25 0.05 0.35 1.07 3.00 4.91 0.09 1.00 90.89 
X157 66.96 0.16 10.85 1.18 0.04 0.14 0.66 3.37 4.62 0.04 0.23 88.25 
X158 75.00 0.30 13.01 2.12 0.06 0.28 1.04 3.19 5.08 0.07 0.56 100.71 
X159 48.18 1.36 13.67 11.33 0.22 5.23 8.51 3.68 0.88 0.16 0.48 93.70 
X160 64.26 0.67 13.61 4.80 0.08 2.46 4.56 5.35 0.37 0.11 0.43 96.70 
X161 71.85 0.18 12.31 1.40 0.03 0.10 0.73 3.00 5.69 0.04 0.28 95.61 
X162 69.03 0.18 11.31 1.47 0.04 0.08 0.44 3.24 5.32 0.02 0.19 91.32 
X163 69.04 0.21 10.81 1.89 0.05 0.13 0.80 3.14 4.51 0.04 0.14 90.76 
X164 51.88 0.95 13.08 13.01 0.52 3.73 6.07 3.32 3.75 0.07 0.33 96.71 
X165 79.53 0.22 12.67 1.92 0.05 0.16 0.81 3.20 4.88 0.05   103.49 
X166 70.37 0.29 12.23 2.09 0.06 0.31 1.07 2.85 4.97 0.07 0.77 95.08 
X167 52.20 0.18 10.12 1.60 0.01 0.23 1.86 4.34 1.81 0.03 0.40 72.78 
X168 57.82 0.63 17.69 4.76 0.07 1.48 3.37 5.77 1.75 0.09 0.60 94.03 
X169 73.22 0.21 11.83 1.80 0.05 0.14 0.77 3.13 4.81 0.05   96.01 
X170 68.23 0.21 10.52 1.91 0.05 0.12 0.75 2.94 4.79 0.05   89.57 
X171 70.71 0.21 12.19 1.89 0.05 0.14 0.78 3.25 5.15 0.04 0.27 94.68 
X172 64.30 0.27 11.49 1.98 0.05 0.24 0.98 3.03 4.76 0.07   87.17 
X173 64.32 0.83 15.87 4.24 0.06 1.76 3.24 3.31 4.35 0.25 0.94 99.17 
X174 64.23 0.35 14.41 4.88 0.11 1.44 4.07 3.50 1.92 0.08 0.47 95.46 
X175 67.66 0.18 11.17 1.70 0.04 0.10 0.89 3.37 4.72 0.04   89.87 
X176 75.92 0.38 12.88 2.57 0.06 0.39 1.32 3.22 4.55 0.09   101.38 
X177 71.71 0.21 11.03 1.70 0.05 0.14 0.80 2.94 4.57 0.05 0.21 93.41 
X178 73.51 0.25 12.14 1.94 0.04 0.29 0.97 2.91 4.83 0.06 0.61 97.55 
X179 77.80 0.22 12.25 1.79 0.04 0.16 0.73 2.93 4.62 0.05   100.59 
X180 70.86 0.29 11.68 2.13 0.05 0.24 1.04 2.96 4.78 0.07 0.88 94.98 
X181 68.93 0.25 11.99 1.92 0.04 0.20 1.00 3.21 5.10 0.06   92.70 
X182 70.55 0.25 14.58 2.06 0.02 0.38 1.79 4.05 3.32 0.09 0.67 97.76 
X183 50.61 2.58 10.24 13.23 0.24 3.78 7.03 1.63 0.71 0.29   90.34 
X184 64.97 0.28 10.49 2.26 0.05 0.23 0.96 2.96 4.90 0.07 0.98 88.15 
X185 72.18 0.06 14.41 1.21 0.02 0.05 1.33 4.51 3.06 0.04 0.14 97.01 
X186 5.03 0.10 1.97 0.57 0.01 8.71 45.03 0.00 0.85 0.02   62.29 
X187 58.50 1.58 14.95 6.45 0.11 2.11 4.21 3.29 4.17 0.57   95.94 
X188 0.00 0.05 0.58 0.44 0.04 14.31 43.48 0.00 0.10 0.02   59.02 
X189 71.00 0.47 13.50 3.51 0.09 0.80 1.90 4.68 1.54 0.12 0.53 98.14 
X190 73.61 0.10 13.99 1.67 0.06 0.04 1.50 4.51 3.30 0.02 0.32 99.12 
X191 71.82 0.15 11.87 2.58 0.10 0.24 1.71 4.55 0.97 0.03 0.50 94.52 
X192 71.20 0.23 12.44 2.29 0.06 0.21 0.97 2.96 5.16 0.05 0.10 95.67 
X193 61.65 0.50 15.04 3.83 0.07 1.98 3.86 4.13 1.44 0.13 1.39 94.02 
X194 72.54 0.19 16.83 1.64 0.02 0.32 3.29 4.42 2.21 0.05 0.33 101.84 
X195 43.05 0.79 13.93 11.47 0.21 7.14 10.26 1.96 1.17 0.13   90.11 
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GSU SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI TOTAL 
X196 64.55 0.22 13.90 1.78 0.02 0.44 1.81 3.50 4.92 0.08   91.22 
X197 53.47 0.67 13.82 3.80 0.05 1.17 2.87 3.66 5.14 0.24   84.89 
X198 49.21 1.42 14.62 7.59 0.12 5.36 6.54 2.82 3.34 1.09 0.89 93.00 
X199 59.57 0.93 12.90 7.72 0.17 2.67 1.37 2.38 2.71 0.13 1.87 92.42 
X200 70.53 0.35 15.67 2.58 0.03 0.72 2.45 4.18 3.42 0.10 0.53 100.56 
X201 62.29 0.48 15.40 5.88 0.10 2.22 4.73 3.00 3.35 0.13 0.52 98.10 
X202 49.92 1.14 13.54 10.36 0.22 7.57 6.23 1.47 3.91 0.22 2.08 96.66 
X203 70.61 0.65 9.43 6.11 0.48 1.75 4.33 1.64 0.11 0.12 0.81 96.04 
X204 54.44 0.80 16.60 8.09 0.15 3.68 7.14 2.96 1.81 0.14 0.51 96.32 
X205 9.51 0.05 0.59 0.45 0.01 14.53 25.55 0.00 0.28 0.02   50.99 
X206 53.60 0.86 16.65 8.43 0.16 3.65 7.10 3.05 0.94 0.16   94.60 
X207 57.34 0.43 16.42 5.97 0.09 3.10 6.20 3.02 1.31 0.10 1.26 95.24 
X208 82.71 0.04 0.71 0.70 0.00 1.29 8.44 0.00 0.16 0.01   94.06 
X209 75.27 0.34 15.09 2.73 0.05 0.60 1.22 3.16 4.66 0.25 0.62 103.99 
X210 46.58 0.67 15.02 9.11 0.14 10.46 9.94 2.09 1.32 0.28 1.55 97.16 
X211 59.35 0.93 17.31 8.77 0.17 4.15 5.99 2.81 1.95 0.16 1.74 103.33 
X212 76.16 0.06 11.72 1.26 0.20 0.00 0.50 3.66 3.87 0.02 1.83 99.28 
X213 69.08 0.25 12.71 2.00 0.08 1.03 2.18 3.39 3.78 0.06 0.46 95.02 
X214 88.25 0.21 3.31 3.42 0.01 1.26 0.27 0.31 0.93 0.16 0.37 98.50 
X215 58.05 0.88 14.70 9.19 0.09 2.09 0.28 0.31 4.18 0.14 2.09 92.00 
X216 72.65 0.06 14.45 0.84 0.03 0.06 1.06 4.05 3.80 0.05   97.05 
X217 95.60 0.03 0.63 0.85 0.00 0.00 1.10 0.00 0.07 0.03 0.95 99.26 
X218 17.73 0.20 3.78 1.56 0.02 3.18 42.44 0.00 1.12 0.05 31.73 101.81 
X219 84.79 0.41 6.83 2.78 0.06 0.61 1.03 1.31 1.62 0.33 1.15 100.92 
X220 75.10 0.06 11.94 1.24 0.19 0.00 0.40 3.30 4.66 0.02   96.91 
X221 74.99 0.25 5.14 3.46 0.04 0.92 1.03 1.35 0.97 0.06 1.04 89.25 
X222 55.79 0.91 20.95 6.26 0.05 4.61 1.36 1.19 0.18 0.11   91.41 
X223 47.87 0.03 0.33 0.34 0.01 6.39 23.11 0.00 0.06 0.01 23.45 101.60 
X224 66.02 0.21 15.28 3.74 0.07 1.81 5.97 3.21 0.74 0.07 0.46 97.58 
X225 61.13 0.18 11.96 2.58 0.10 0.71 2.51 3.95 2.21 0.06   85.39 
X226 67.27 0.27 11.31 1.86 0.05 0.32 1.02 2.99 4.92 0.07   90.08 
X227 15.89 0.09 1.58 1.00 0.02 19.06 29.85 0.00 0.19 0.03 36.81 104.52 
X228 90.37 0.02 0.33 1.53 0.00 1.25 2.38 0.00 0.03 0.01 3.03 98.95 
X229 8.77 0.09 1.52 1.03 0.02 15.80 35.97 0.00 0.35 0.03 39.69 103.27 
X230 96.59 0.05 2.21 1.86 0.01 0.02 0.37 0.49 0.17 0.02 0.23 102.02 
X231 47.26 0.91 19.99 7.56 0.08 2.09 0.23 0.64 6.14 0.13 2.87 87.90 
X232 58.12 0.08 11.61 3.24 0.02 0.02 2.84 5.00 0.60 0.01 0.17 81.71 
X233 0.00 0.02 0.18 0.08 0.00 0.00 38.96 0.00 0.00 0.01   39.25 
X234 51.01 0.45 14.97 6.45 0.10 3.38 6.45 2.86 1.51 0.11 0.55 87.84 
X235 46.19 1.45 13.96 13.17 0.26 7.16 8.21 3.32 0.41 0.49 1.01 95.63 
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GSU SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI TOTAL 
X236 46.98 1.46 14.44 10.78 0.17 6.09 7.86 3.01 1.87 0.17 0.74 93.57 
X237 78.64 0.40 7.14 4.29 0.12 0.75 1.30 2.32 0.86 0.05 0.50 96.37 
X238 71.65 0.14 11.67 1.38 0.03 0.10 0.87 3.31 4.47 0.03 0.38 94.03 
X239 64.59 0.20 12.89 1.88 0.02 0.37 2.02 4.70 2.29 0.06 0.24 89.26 
X240 68.55 0.32 12.28 2.03 0.06 0.23 0.92 3.49 4.90 0.06 0.56 93.40 
X241 46.24 1.18 24.05 8.51 0.13 2.45 2.50 3.10 5.79 0.45 3.87 98.27 
X242 70.55 0.25 11.77 2.25 0.05 0.32 1.24 3.09 4.83 0.07 0.36 94.78 
X243 2.48 0.03 0.23 0.21 0.02 0.60 56.24 0.00 0.00 0.03 18.68 78.52 
X244 50.42 0.93 23.53 7.72 0.09 2.22 0.41 0.49 6.95 0.21 3.37 96.34 
X245 65.52 1.02 16.25 5.30 0.05 3.69 1.78 1.33 0.18 0.06 2.12 97.30 
X246 16.96 0.19 3.77 1.54 0.02 3.04 42.77 0.00 1.08 0.05 34.09 103.51 
X247 55.95 0.76 12.81 7.04 0.14 2.68 4.48 2.88 2.50 0.09 0.29 89.62 
X248 60.72 0.20 12.50 1.96 0.02 0.34 1.87 3.96 3.82 0.05 0.31 85.75 
X249 17.74 0.24 3.75 2.15 0.06 5.55 39.24 0.00 1.10 0.14 34.10 104.07 
X250 42.31 1.51 25.07 10.52 0.06 2.65 1.21 3.62 2.56 0.04 5.62 95.17 
X251 72.93 0.17 13.93 2.29 0.05 0.82 2.63 3.25 3.03 0.04 0.19 99.33 
X252 65.45 0.04 0.63 0.45 0.01 7.07 12.69 0.00 0.14 0.01   86.49 
X253 70.90 0.43 14.98 2.90 0.05 0.60 1.57 3.27 5.43 0.14 0.34 100.61 
X254 43.99 0.56 15.07 12.07 0.19 9.57 10.08 1.60 0.26 0.08 4.40 97.87 
X255 16.97 0.03 0.40 0.46 0.01 18.55 30.36 0.00 0.08 0.02 39.06 105.94 
X256 1.94 0.04 0.51 0.26 0.01 21.01 35.67 0.34 0.13 0.02 21.33 81.26 
X257 47.46 0.96 15.71 11.13 0.21 5.72 5.56 3.82 2.86 0.19 1.19 94.81 
X258 6.90 0.07 0.91 0.53 0.01 2.11 53.36 0.00 0.16 0.05   64.10 
X259 50.86 1.93 14.39 8.72 0.17 4.08 4.21 3.12 3.98 0.89 0.86 93.21 
X260 75.86 0.16 13.58 1.69 0.04 0.18 0.56 2.87 5.82 0.04   100.80 
X261 69.93 0.28 13.45 2.52 0.04 0.40 1.51 2.73 5.58 0.08 0.31 96.83 
X262 60.64 0.29 13.95 6.79 0.16 1.97 5.97 2.40 1.32 0.07 0.55 94.11 
X263 53.10 1.20 14.95 6.72 0.10 2.71 4.62 3.74 3.37 0.48 0.92 91.91 
X264 66.61 0.27 12.48 3.75 0.06 1.40 2.54 4.01 1.33 0.05 0.29 92.79 
X265 65.73 0.59 13.95 3.34 0.02 0.71 1.91 2.44 5.35 0.19 0.42 94.65 
X266 59.88 0.64 12.75 8.13 0.13 6.60 7.51 2.21 0.80 0.09 0.78 99.52 
X267 58.35 0.66 13.18 6.42 0.09 2.55 5.01 3.50 0.92 0.13 0.55 91.36 
X268 62.50 1.03 15.29 6.18 0.06 2.12 1.33 2.98 4.76 0.10 0.69 97.04 
X269 75.76 0.23 15.38 2.17 0.02 0.88 3.21 4.36 0.89 0.05 0.26 103.21 
X270 6.06 0.07 1.21 0.64 0.03 6.18 47.63 0.00 0.44 0.07   62.33 
X271 14.12 0.19 2.95 1.26 0.02 9.05 38.56 0.00 0.72 0.06 31.22 98.15 
X272 11.42 0.03 0.84 0.46 0.01 0.60 50.49 0.08 0.02 0.02 37.45 101.42 
X273 70.92 0.25 13.40 1.60 0.03 0.21 1.48 3.49 4.71 0.06 0.15 96.30 
X274 68.29 0.35 14.60 3.47 0.04 1.01 2.25 4.60 1.87 0.07 0.34 96.89 
X275 68.78 0.07 13.25 1.23 0.01 0.08 1.30 3.32 5.37 0.04 0.29 93.74 
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GSU SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI TOTAL 
X276 68.55 0.42 10.60 2.76 0.03 0.77 1.70 3.22 1.53 0.03 0.47 90.08 
X277 65.67 0.30 19.58 2.41 0.03 0.72 3.37 6.31 1.58 0.07   100.04 
X278 49.87 1.72 14.07 7.63 0.14 3.35 4.26 3.58 3.64 0.79 0.77 89.82 
X279 0.23 0.04 0.60 0.45 0.02 0.76 57.07 0.00 0.10 0.04   59.31 
X280 68.86 0.40 14.23 3.04 0.06 0.61 1.76 3.16 5.14 0.13 0.24 97.63 
X281 63.48 0.53 13.79 3.85 0.08 0.94 2.43 3.71 3.58 0.17 0.47 93.03 
X282 58.58 1.05 17.18 9.71 0.04 2.50 0.59 1.90 4.51 0.08 4.09 100.23 
X283 69.01 0.30 14.46 2.82 0.05 0.63 1.68 3.55 4.05 0.10 0.77 97.42 
X284 9.95 0.03 0.72 0.56 0.01 19.42 32.06 0.00 0.25 0.02 40.31 103.33 
X285 66.36 0.31 16.60 3.76 0.05 1.23 3.88 4.76 1.14 0.05 0.57 98.71 
X286 56.29 0.73 14.00 7.68 0.13 6.79 6.77 2.55 1.62 0.08 1.27 97.91 
X287 63.42 0.75 16.09 5.32 0.06 1.64 3.58 4.09 2.64 0.28 0.23 98.10 
X288 0.00 0.03 0.22 0.15 0.01 0.50 59.43 0.00 0.00 0.02 26.51 86.87 
X289 0.86 0.05 0.87 0.48 0.01 0.76 55.42 0.00 0.19 0.08 40.44 99.16 
X290 62.89 0.38 16.08 4.39 0.06 0.99 3.71 3.95 2.74 0.07 0.78 96.04 
X291 51.64 0.49 5.34 2.22 0.06 0.40 1.94 1.25 1.25 0.05 0.19 64.83 
X292 48.54 1.67 14.40 11.36 0.16 6.89 8.54 3.09 1.46 0.25 1.28 97.64 
X293 54.31 0.90 13.85 5.78 0.08 1.41 3.23 3.82 3.93 0.36 0.38 88.05 
X294 44.16 0.20 17.39 10.67 0.18 8.38 12.51 1.19 1.25 0.02   95.95 
X295 64.57 0.65 13.21 6.08 0.09 2.45 2.65 2.97 2.36 0.10 0.95 96.08 
X296 64.72 0.37 15.53 3.12 0.05 0.86 2.55 4.87 2.44 0.17 0.57 95.25 
X297 64.61 0.43 14.11 3.44 0.05 1.20 2.38 4.37 1.90 0.12 0.43 93.04 
X298 69.10 0.06 12.35 1.17 0.02 0.00 0.96 3.87 4.56 0.02 19.61 111.72 
X299 71.55 0.17 12.70 1.84 0.04 0.15 0.81 3.11 5.45 0.03 0.53 96.38 
X300 3.10 0.08 1.14 0.57 0.01 7.81 46.67 0.00 0.22 0.03 42.15 101.78 
X301 64.71 1.02 13.86 5.11 0.04 0.97 1.97 2.23 5.80 0.39 0.38 96.48 
X302 56.47 0.29 14.20 2.27 0.03 0.70 3.83 5.00 1.08 0.08 0.18 84.13 
X303 68.92 0.27 15.02 2.70 0.03 0.79 3.95 4.29 0.91 0.07 2.09 99.04 
X304 5.27 0.07 1.51 0.62 0.01 20.63 33.90 0.00 0.57 0.02 42.80 105.40 
X305 65.66 0.33 12.81 2.85 0.05 0.47 1.99 3.35 4.32 0.10 0.88 92.81 
X306 57.15 1.10 15.96 9.79 0.07 3.28 0.76 1.53 5.36 0.14   95.14 
X307 12.32 0.09 1.53 0.86 0.04 11.81 39.06 0.00 0.69 0.07 39.59 106.06 
X308 66.72 0.16 12.19 1.42 0.05 0.16 0.69 3.73 5.28 0.04 0.44 90.88 
X309 0.00 0.03 0.18 0.15 0.01 0.31 47.35 0.00 0.00 0.02 26.90 74.95 
X310 55.79 0.35 13.05 9.52 0.35 3.78 10.86 1.64 1.38 0.04 1.62 98.38 
X311 59.14 0.78 15.75 7.23 0.17 3.62 3.02 3.72 3.38 0.13 1.33 98.27 
X312 54.03 0.79 17.30 9.36 0.14 3.93 6.68 3.64 0.90 0.16 1.49 98.42 
X313 69.71 0.11 11.09 1.03 0.02 0.02 1.05 2.42 4.81 0.02 0.94 91.22 
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7.2 Trace element data from XRF analysis in ppm. 
GSU Sample  GDOT Sample Source Location Rb Sr Y Zr Nb 
X001 H-TAC4 Toccoa 112 62 40 39 13 
X002 H-ATH2 Hanson 15 190 44 132 9 
X003 H-COLL1 Collinsville 23 62 120 146 16 
X004 GLOB-LUT1 Luttrell 3 148 0 0 6 
X005 H-SP7 Sparta 126 37 69 318 14 
X006 HAN-TY2 Tyrone 81 705 2 192 7 
X007 HAN-TY1 Tyrone 72 461 0 167 7 
X008 H-ATH3 Hanson 111 246 16 322 13 
X009 H-DEM1 Demorest 142 265 49 342 19 
X010 H-SP6 Sparta 276 0 24 125 17 
X011 JMC-TB2 Junction City 45 299 22 103 6 
X012 H-SP3 Sparta 12 365 32 83 4 
X013 Hanson Toccoa   3 89 9 7 3 
X014 H-SP5 Sparta 197 2 44 239 33 
X015 H-SP2 Sparta 163 29 80 322 15 
X016 H-HALL2 Hall County 118 139 31 299 7 
X017 GLOB-LUT2 Luttrell 6 225 0 2 3 
X018 APAC-TN3   124 258 70 202 11 
X019 FRI-Chatt3 Chattanooga 2 109 0 0 7 
X020 FRI-TY4 Tyrone 9 258 14 28 3 
X021 FRI-PA2 Macon 341 0 29 107 18 
X022 H-HALL1 Hall County 50 271 12 99 6 
X023 FRI-TY3 Tyrone 192 393 27 245 15 
X024 FRI-TY2 Tyrone 17 38 32 86 6 
X025 FRI-FP1 Forest Park 52 307 6 93 5 
X026 APAC-HV3 Hayesville 28 649 0 88 8 
X027 FRI-FP4 Forest Park 99 1537 20 325 18 
X028 H-HALL3 Hall County 50 84 6 87 3 
X029 FRI-TY1 Tyrone 140 35 66 300 12 
X030 H-SP1 Sparta 144 33 66 328 13 
X031 FRI-PA1 Macon 389 0 128 112 27 
X032 FRI-FP3 Forest Park 3 141 15 14 3 
X033 JCM-TB4 Junction City 74 405 25 108 6 
X034 BUCK-1 Cumming 7 1 3 77 4 
X035 FRI-FP2 Forest Park 19 58 4 0 5 
X036 BUCK-2 Cumming 7 0 4 86 6 
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GSU Sample  GDOT Sample Source Location Rb Sr Y Zr Nb 
X037 H-CAND1 Candler 229 45 31 229 37 
X038 JCM-TB5 Junction City 52 372 24 85 7 
X039 H-CAND3 Candler 56 39 19 23 7 
X040 APAC-TN2   34 245 47 305 9 
X041 H-CAND2 Candler 204 0 50 114 47 
X042 H-ATH1 Hanson 81 308 23 180 11 
X043 JCM-TB1 Junction City 51 412 14 135 8 
X044 CBM-3 Cumberland 7 10 0 45 6 
X045 H-TBC-3   2 82 51 57 3 
X046 APAC-HV4 Hayesville 68 395 34 627 13 
X047 CBM-2 Cumberland 6 7 9 53 7 
X048 H-DEM2 Demorest 13 429 39 329 19 
X049 JCM-TB3 Junction City 67 404 22 135 8 
X050 H-SP4 Sparta 189 14 79 322 19 
X051 HAN-BO1 Bolingbroke 9 316 26 42 4 
X052 APAC-HV1 Hayesville 18 528 18 70 8 
X053 FRI-GRIFF3 Griffin 154 179 0 99 6 
X054 APAC-TN1   150 305 109 260 19 
X055 FRI-GRIFF1 Griffin 5 154 12 19 7 
X056 CBM-1 Cumberland 7 10 8 239 6 
X057 CBM-4 Cumberland 12 12 1 90 4 
X058 Hanson - collinsville   191 41 39 141 15 
X059 FRI-FP5 Forest Park 209 277 0 94 12 
X060 H-PM-1 Pine Mountain 234 6 160 166 13 
X061 APAC-HV2 Hayesville 28 527 4 87 5 
X062 APAC-FR5   68 290 63 330 12 
X063 H-TAC1 Toccoa 100 78 43 63 7 
X064 FRI-Chatt2 Chattanooga 9 55 0 0 5 
X065 APAC-FR4   0 5 0 0 6 
X066 FRI-Chatt1 Chattanooga 2 172 0 0 4 
X067 APAC-FR3   34 213 144 389 8 
X068 AW-PIT2 (HW?)   18 165 45 116 5 
X069 APAC-FR1   5 161 89 318 24 
X070 APAC-FR2   11 494 12 120 14 
X071 APAC-HV5 Hayesville 75 146 40 353 10 
X072 CBM-5 Cumberland 8 10 8 111 2 
X073 FRI-GRIFF2 Griffin 210 193 39 439 13 
X074 MM-NCOLA Cola 133 795 4 224 15 
X075 MM-J1W Martin Marietta 8 102 141 739 13 
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GSU Sample  GDOT Sample Source Location Rb Sr Y Zr Nb 
X076 MM-DAN4 Augusta 38 389 126 696 13 
X077 MM-JC2 Junction City 25 449 11 109 16 
X078 MM-RU6 Ruby 96 320 35 241 15 
X079 MM-ST3 Statesville 51 280 76 423 8 
X080 MM-RU9 Ruby 57 387 23 149 3 
X081 MM-JEFF1 Jefferson 133 144 17 45 7 
X082 MM-DAN6 Augusta 62 1296 21 130 6 
X083 MM-RU7 Ruby 65 607 47 423 34 
X084 MM-DAN5 Augusta 101 79 64 477 14 
X085 MM-RU8 Ruby 87 372 33 231 12 
X086 MM-DAN7 Augusta 203 1080 7 75 7 
X087 MM-J20E Martin Marietta 77 114 136 607 13 
X088 MM-JC1 Junction City 50 246 22 120 5 
X089 MM-JEFF3 Jefferson 47 109 47 171 7 
X090 MM-JC5 Junction City 34 370 22 90 8 
X091 MM-ST2 Statesville 50 708 55 229 11 
X092 MM-ST4 Statesville 25 323 37 93 5 
X093 MM-DAN8 Augusta 132 243 78 337 30 
X094 MM-J10E Martin Marietta 66 104 49 176 7 
X095 MM-CAM3 Camak 125 279 0 105 6 
X096 MM-JEFF2 Jefferson 107 148 11 23 5 
X097 MM-RU1 Ruby 4 114 26 55 3 
X098 MM-J4E Martin Marietta 29 244 89 386 9 
X099 MM-HIC, NC2 Hickory, NC 155 460 11 350 15 
X100 MM ST1   32 399 0 203 8 
X101 MM-RU4 Ruby 41 370 19 100 11 
X102 MM-RU3 Ruby 120 170 1 153 10 
X103 MM-DAN9 Augusta 222 0 1 39 9 
X104 MM-HIC, NC1 Hickory, NC 193 207 39 337 16 
X105 MM-AWD7 Arrowood 33 307 31 113 7 
X106 MM-DAN-NC1 Augusta 122 916 15 407 14 
X107 MM-DAN12 Augusta 151 79 18 198 18 
X108 LONGBR3 Dahlonega 187 20 90 238 26 
X109 LAF-NEWT3 Lafarge-Newton Co 116 7 93 441 27 
X110 MM-DAN2 Augusta 89 295 35 114 11 
X111 MM-JC3 Junction City 30 219 24 117 8 
X112 LaF-OX2 Lafarge-Oxford 157 328 17 164 13 
X113 MM-AWD2 Arrowood 6 375 19 79 6 
X114 MM-DEN3 Denver,NC 158 262 0 158 6 
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GSU Sample  GDOT Sample Source Location Rb Sr Y Zr Nb 
X115 MM-CAM6 Camak 70 210 39 234 9 
X116 MM-AWD5 Arrowood 59 1280 0 346 9 
X117 MM-CAM2 Camak 14 210 35 78 3 
X118 MM-AWD3 Arrowood 84 478 23 159 12 
X119 MM-DAN3 Augusta 102 192 39 158 9 
X120 MM-RU2 Ruby 17 131 24 62 6 
X121 MM-DEN4 Denver,NC 145 965 11 371 15 
X122 MM-AWD6 Arrowood 28 872 61 346 21 
X123 MM-AU4 Auburn 8 182 23 71 5 
X124 LaF-FP5 Lafarge 122 171 40 158 12 
X125 MM-AWD1 Arrowood 10 590 10 121 10 
X126 LaF-MC3 Lafarge-Morgan 136 313 30 259 12 
X127 MM-AU2 Auburn 64 82 52 150 1 
X128 MM-AU6 Auburn 4 194 36 93 5 
X129 MM-AU1 Auburn 62 21 33 60 13 
X130 LAF-NEWT1 Lafarge-Newton Co 130 75 12 147 13 
X131 LaF-FP3 Lafarge 73 275 15 94 3 
X132 MM-RU5 Ruby 93 628 0 158 5 
X133 MM-JC4 Junction City 70 170 16 107 8 
X134 MM-CAM5 Camak 264 122 58 95 7 
X135 MM-AU5 Auburn 160 4 28 28 19 
X136 LA 55-60   207 8 34 134 20 
X137 MM-AWD4 Arrowood 146 134 1 34 9 
X138 LaF-OX1 Lafarge-Oxford 15 470 41 175 8 
X139 MM-DAN10 Augusta 48 204 93 226 21 
x140 Laf-Lith (La-5-40)   202 10 53 141 20 
X141 MM-CAM4 Camak 8 230 37 80 7 
X142 MM-DAN11 Augusta 70 71 55 528 10 
X143 LONGBR2 Dahlonega 136 163 47 269 14 
X144 LaF-BG2 Lafarge-Ballground 73 748 12 125 7 
X145 LONGBR1 Dahlonega 91 271 23 72 9 
X146 LaF-BG1 Lafarge-Ballground 77 651 33 151 10 
X147 LaF-FP4 Lafarge 87 216 16 116 12 
X148 MM-CAM1 Camak 98 355 29 224 18 
X149 LaF-BG4 Lafarge-Ballground 122 471 33 199 13 
X150 LaF-Jack5 Lafarge-Jackson 128 128 74 73 0 
X151 LaF-Cum21 Lafarge-Cumming 68 42 49 529 25 
X152 LaF-Buf1 Lafarge-Buford 213 0 62 93 22 
X153 Laf - Lithonia   203 8 64 157 22 
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GSU Sample  GDOT Sample Source Location Rb Sr Y Zr Nb 
X154 LaF-Cumming1 Lafarge-Cumming 21 27 33 456 12 
X155 Laf-La (5-40)   185 13 64 140 18 
X156 LaF-Buf2 Lafarge-Buford 161 76 37 204 20 
X157 LAF-DVILLE1 Lafarge-Douglasville 227 6 36 59 17 
X158 LaF-Buf3 Lafarge-Buford 189 35 44 186 22 
X159 LaF-Jack1 Lafarge-Jackson 18 152 45 90 8 
X160 LaF-Jack2 Lafarge-Jackson 11 107 53 99 7 
X161 LaF-LITH5 (55-60) Lafarge-lithonia 231 7 57 118 22 
X162 MM-AU3 Auburn 217 0 41 131 26 
X163 LaF-LITH7 Lafarge-lithonia 188 8 53 150 15 
X164 MM-JEFF4 Jefferson 70 52 170 164 12 
X165 Laf - Lithonia   194 13 57 157 22 
X166 LaF-Buf4 Lafarge-Buford 204 35 54 177 22 
X167 LaF-Cum5 Lafarge-Cumming 49 247 0 94 8 
X168 LaF-Cum3 Lafarge-Cumming 66 439 19 99 12 
X169 Laf - Lithonia   189 9 37 143 19 
X170 Laf - Lithonia   212 8 52 137 19 
X171 LaF-LITH8 Lafarge-lithonia 205 4 42 143 18 
X172 Laf - Lithonia   170 56 25 180 16 
X173 MM-DEN2 Denver,NC 172 790 18 291 16 
X174 Laf-mc2   81 222 14 80 6 
X175 LaF-LITH19 (5-40) Lafarge-lithonia 190 13 61 146 16 
X176 LaF-LITH5 (55-60) Lafarge-lithonia 181 61 51 267 23 
X177 LaF-LITH9 Lafarge-lithonia 197 13 47 152 23 
X178 LAF-DVILLE2 Lafarge-Douglasville 183 26 34 110 14 
X179 Laf - Lithonia   188 19 51 161 17 
X180 LaF-LITH1 Lafarge-lithonia 178 41 57 178 15 
X181 Laf - Lithonia   172 40 42 155 22 
X182 Laf - Cum 4   104 271 0 124 5 
X183 Laf - Lithonia   17 411 55 180 14 
X184 Laf - Cum 2   183 38 60 206 21 
X185 FRI-FP7 Forest Park 183 226 0 34 6 
X186 VMC-RMART1 Rockmart 16 229 0 23 6 
X187 VMC-STB3 Stockbridge 149 734 26 422 17 
X188 VMC-RMART2 Rockmart 4 184 4 4 7 
X189 VMC-STB4 Stockbridge 143 65 43 159 39 
X190 VMC-LAG4 Lagrange 142 59 6 36 10 
X191 VMC-STB2 Stockbridge 21 122 26 62 3 
X192 FRI-FP6 Forest Park 191 38 85 163 22 
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GSU Sample  GDOT Sample Source Location Rb Sr Y Zr Nb 
X193 VMC-NQ1 Norcross 60 631 6 149 13 
X194 LaF-FP1 Lafarge 55 570 4 112 8 
X195 VMC-HEARD2 Heard Co 38 157 15 31 7 
X196 VMC-RAB2 Raburn 97 358 6 89 9 
X197 VMC-LAG3 Lagrange 113 722 17 326 10 
X198 VMC-RAB1 Raburn 145 2093 23 417 15 
X199 VMC-EJ3 Elijay 94 130 47 384 17 
X200 VMC-RAB3 Raburn 92 450 0 144 8 
X201 MM-SUW1A Suwanee 77 294 17 135 12 
X202 VMC-STB1 Stockbridge 169 257 26 99 14 
X203 VMC-EJ7 Elijay 2 81 47 318 11 
X204 VMC-NQ4 Norcross 68 304 24 108 7 
X205 VMC-DA2 Dalton 574 64616 0 3744 14 
X206 VMC-NQ3 Norcross 35 289 28 101 5 
X207 VMC-KEN2 Kennesaw 52 302 12 79 3 
X208 SRM-RG4 Ringold 8 47 0 0 3 
X209 VMC-VILLAR1 Villa Rica 209 81 23 118 16 
X210 VMC-KEN1 Kennesaw 43 229 16 84 7 
X211 VMC-NQ5 Norcross 70 223 29 146 5 
X212 VMC-HE1 Heard Co 206 0 147 68 16 
X213 VMC-LAG1 Lagrange 171 66 25 116 21 
X214 VMC-EJ16 Elijay 57 5 2 13 5 
X215 VMC-EJ9 Elijay 135 23 54 318 23 
X216 VMC-NQ2 Norcross 190 55 2 27 12 
X217 VMC-LAF5 Lafayette 3 34 5 0 5 
X218 VMC-LAF8 Lafayette 41 410 10 51 8 
X219 VMC-EJ2 Elijay 52 139 49 221 9 
X220 VMC-HEARD4 Heard Co 246 0 135 74 21 
X221 VMC-EJ5 Elijay 34 112 13 146 10 
X222 VMC-EJ12 Elijay 13 284 402 462 0 
X223 VMC-DA4 Dalton 34 3918 0 217 9 
X224 VMC-KEN8 Kennesaw 35 402 0 95 14 
X225 VMC-HE3 Heard Co 114 102 22 68 15 
X226 VMC-LS1 Lithia Springs 172 40 44 136 14 
X227 VMC-DA1 Dalton 10 450 1 24 3 
X228 VMC-CHATT6 Chattanooga 0 30 0 0 4 
X229 VMC-DA3 Dalton 1 460 4 37 4 
X230 VMC-EJ6 Elijay 11 108 0 13 7 
X231 VMC-EJ13 Elijay 156 39 69 253 27 
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GSU Sample  GDOT Sample Source Location Rb Sr Y Zr Nb 
X232 V-NOR5 Norcross 12 221 0 64 2 
X233 VMC-LAF6 Lafayette 14 1286 0 64 6 
X234 VMC-KEN3 Kennesaw 55 355 6 102 8 
X235 VMC-LAG2 Lagrange 11 387 58 91 10 
X236 VMC-CHER9 Cherokee 50 238 59 113 4 
X237 VMC-EJ4 Elijay 35 152 20 206 11 
X238 VMC-LI1 Lithonia 154 8 45 122 13 
X239 VMC-CHER11 Cherokee 65 416 1 107 9 
X240 VMC-STB5 Stockbridge 140 54 38 255 22 
X241 VMC-EJ8 Elijay 171 447 111 331 28 
X242 VMC-LS2 Lithia Springs 160 56 40 100 9 
X243 VMC-LAF3 Lafayette 14 1437 12 74 4 
X244 VMC-EJ10 Elijay 180 74 77 301 36 
X245 VMC-EJ15 Elijay 6 228 39 211 6 
X246 VMC-LAF7 Lafayette 37 409 4 43 6 
X247 VMC-BW2 Vulcan 126 83 18 75 10 
X248 V-skbg1 Stockbridge 76 689 0 132 7 
X249 SRM-RG3 Ringold 32 144 7 66 7 
X250 VMC-EJ14 Elijay 48 213 82 475 20 
X251 VMC-BW1 Vulcan 95 105 2 68 9 
X252 VMC-CHATT3 Chattanooga 0 51 0 0 5 
X253 V-Slm3a Siloam 226 205 9 213 24 
X254 RIN-POST1 Postell 6 106 29 29 4 
X255 VMC-CHATT2 Chattanooga 5 197 0 3 4 
X256 VMC-CHATT1 Chattanooga 9 271 0 10 4 
X257 MM-W4 Warrenton 111 318 29 57 4 
X258 SRM-TIFT2 Tiftonia 15 608 0 36 6 
X259 V-Slm2a Siloam 504 260 15 279 42 
X260 V-COLA4 Cola 228 74 11 95 11 
X261 MM-W5 Warrenton 164 200 15 218 11 
X262 V-NOR2 Norcross 36 117 19 47 8 
X263 V-skbg2 Stockbridge 125 1212 17 290 16 
X264 VMC-BW2 Vulcan 56 121 31 110 5 
X265 VMC-BART2 Bartow 132 282 22 256 11 
X266 VMC-CHER10 Cherokee 21 93 21 77 6 
X267 RIN-POST3 Postell 25 619 49 162 5 
X268 V-BV1 Blairsville 126 280 55 429 14 
X269 VMC-CHER3 Cherokee 36 497 7 88 5 
X270 SRM-RG2 Ringold 10 149 4 10 8 
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GSU Sample  GDOT Sample Source Location Rb Sr Y Zr Nb 
X271 VMC-LAF4 Lafayette 25 298 12 48 4 
X272 SRM-CU1   5 652 0 30 5 
X273 V-GRAY1A Grayson 133 114 6 122 13 
X274 VMC-CHER2 Cherokee 68 430 7 67 8 
X275 VMC-CHER8 Cherokee 99 290 0 25 6 
X276 V-BV5 Blairsville 49 468 23 230 7 
X277 V-BV2 Blairsville 46 956 28 123 9 
X278 V-Slm1 Siloam 381 560 22 311 46 
X279 SRM-TIFT3 Tiftonia 8 469 13 20 4 
X280 RINDOG2 Dogwood 167 228 15 209 10 
X281 MM-W2 Warrenton 131 257 45 257 15 
X282 VMC-BART3 Bartow 124 51 21 186 15 
X283 V-COLA3 Cola 149 279 16 197 9 
X284 VMC-CHATT5 Chattanooga 11 90 0 1 3 
X285 RIN-POST7 Postell 32 333 3 90 8 
X286 VMC-CHER4 Cherokee 53 298 23 73 5 
X287 RIN-POST8 Postell 44 745 23 347 9 
X288 SRM-TIFT5 Tiftonia 6 345 20 13 3 
X289 SRM-CU2   3 405 0 15 6 
X290 MM-SUW4 Suwanee 74 176 15 117 9 
X291 V-BV4 Blairsville 38 231 35 351 8 
X292 RIN-POST6 Postell 39 417 24 104 14 
X293 RIN-POST2 Postell 96 504 37 377 23 
X294 V-NOR3 Norcross 27 180 2 3 6 
X295 MM-SUW3 Suwanee 77 109 14 113 10 
X296 VMC-CHER7 Cherokee 88 458 16 160 10 
X297 VMC-CHER6 Cherokee 70 540 0 124 9 
X298 V-Slm5 Siloam 282 30 9 48 29 
X299 V-COLA1 Cola 219 80 13 105 8 
X300 SRM-TIFT1 Tiftonia 7 346 0 17 3 
X301 VMC-BART1 Bartow 203 109 77 750 12 
X302 V-BV3 Blairsville 32 636 9 168 6 
X303 RIN-POST4 Postell 35 375 0 79 7 
X304 VMC-CHATT4 Chattanooga 14 243 0 9 4 
X305 RINDOG1 Dogwood 142 235 11 202 10 
X306 VMCEJ2   156 140 45 342 18 
X307 SRM-RG1 Ringold 14 134 1 17 6 
X308 SRM-MUL1 Mulberry 319 0 64 87 20 
X309 SRM-TIFT4 Tiftonia 8 366 0 11 5 
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GSU Sample  GDOT Sample Source Location Rb Sr Y Zr Nb 
X310 MMSUW5   35 115 46 76 8 
X311 MM-W3 Warrenton 195 254 13 113 16 
X312 RIN-POST5 Postell 18 329 21 67 3 
X313 MM-W1 Warrenton 120 142 0 36 7 
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7.3 Silica Concentrations from UV/VIS Analysis.  
 
XRF %SiO2 
Sample 
name
Tiron 
Extractions Si 
Conc. (ppm)
NaOH 
Extractions Si 
Conc. (ppm)
Si XRF
Tiron Si 
(g)
NaOH Si 
(g)
Si XRF in 
0.030 g
Tiron 
extractab
le: Si 
Total
NaOH 
extractabl
e: Si Total
NaOH 
extractable - 
Tiron 
extractable
73.45 RGM-1 4.58 21.66 0.3433127 0.000137 0.00065 0.0436919 0.003145 0.0148723 0.011727563
75.8 GH 8.17 23.35 0.3542969 0.000245 0.0007 0.0423374 0.005789 0.0165457 0.010756453
38.02
DEOCDL
25
10.03 48.46
0.1777093 0.000301 0.00145 0.0844075 0.003565 0.0172236 0.013658739
43.09
DEOCDL
13
7.72 33.34
0.201407 0.000232 0.001 0.0744761 0.00311 0.0134298 0.010320096
49.49 DEOTC2 7.78 42.44 0.2313213 0.000233 0.00127 0.0648449 0.003599 0.0196345 0.01603519
43.06 DEOTC7 9.95 35.4 0.2012668 0.000299 0.00106 0.0745279 0.004005 0.0142497 0.01024448
63.07 JC1 12.02 14.06 0.2947956 0.000361 0.00042 0.0508827 0.007087 0.0082897 0.001202766
40.97 JC2 15.64 15.27 0.1914979 0.000469 0.00046 0.0783298 0.00599 0.0058483 -0.000141708
68.74 JC3 * 14.85 0.3212977 0.00045 0.0466857 0.0095425 0.009542542
56.28 JC4 15.11 16.09 0.2630584 0.000453 0.00048 0.0570216 0.00795 0.0084652 0.000515594
54.6 JC5 6.24 16.59 0.2552059 0.000187 0.0005 0.0587761 0.003185 0.0084677 0.005282763
44.58 X123 15.04 5.32 0.2083714 0.000451 0.00016 0.0719868 0.006268 0.0022171 -0.004050741
70.64 X127 2.45 14.46 0.3301785 7.35E-05 0.00043 0.04543 0.001618 0.0095488 0.007930888
44.18 X128 10.02 13.32 0.2065018 0.000301 0.0004 0.0726386 0.004138 0.0055012 0.001362912
74.86 X129 13.93 6.03 0.3499032 0.000418 0.00018 0.042869 0.009748 0.0042198 -0.005528471
71.5 X135 * 16.4 0.3341982 0.00049 0.0448835 0.0109617 0.010961702
